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It has been proposed that toxins and other bacterial 
protein products of Staphylococclls al/rellS can act as 
triggers or persistence factors in several inflaInllla-
tory skin diseases. In this study, we exaInined the S. 
anrells isolates froIn the skin of patients with atopic 
derlllatitis and psoriasis. We found that the bacterial 
isolates £rOIn these patients exhibited either charac-
teristic superantigenic toxins or therInolabile toxins 
believed to be staphylococcal a-toxin. All of these 
staphylococcal strains also secreted extracellular 
staphylococcal protein A. We found significant dif-
ferences in the action of these toxins on hUInan 
keratinocytes and keratinocyte cell lines. The super-
antigenic toxins toxic shock syndroIne toxin-1, 
staphylococcal enterotoxins A and B, and exfoliative 
toxin-A, as well as staphylococcal protein A, did not 
induce significant cytotoxic daInage in the keratino-
cyte cell line HaCaT, whereas the staphylococcal 
a -toxin produced profound cytotoxicity. Keratino-
cyte cytotoxicity induced by staphylococcal a-toxin 
A lth ough SlapilylococCIIs allrells has been known as a major pathogen encountered in purulent skin infec-tions almost sin ce the time of its discove,')', the role of indi vidual pathogenicity f.,cto rs produced by these bacteria in specific in fectious processes is not 
comple te ly understood. Staphylococcal toxins can be divide d in to 
two groups: the lys is- indu cin g toxins, which are capable of pro-
ducing damage directly to the outer membrane of target ce lls (Freer 
and Arbuthn ott, 1983), and so-ca lled superantigen ic toxins, which 
do not possess direc t damaging action but can induce immune-
med iated damage through overproduction of cytokines derive d 
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was tiIne and concentration dependent and deInon-
strated the Inorphologic and functional characteris-
tics of necrosis, not apoptosis. Addition of a - toxin to 
keratinocytes siInultaneously induced cell lysis and 
tUInor necrosis factor-a release into the luediun'l 
within 30 Inin; apparently, it was constitutive tumor 
necrosis factor-a. On the other hand, superantigenic 
toxins and, in particular, protein A showed stiInula-
tion oftuInor necrosis factor-a secretion in keratino-
cytes and release of this cytokine after 6-12 h of 
incubation. Thus, staphylococcal protein A, a - toxin, 
and superantigenic toxins found in S. allrens isolates 
froIn patients with psoriasis and atopic derInatitis can 
produce direct pro-inflalllluatory effects on keratino-
cytes through the release of tUInor necrosis factor-a. 
We propose that these effects Inay be relevant to the 
induction and persistence of lesions in these two 
diseases. Key lVords: bacterial patl/Oge" icitylC}'toki"e.~/pso­
vias isla topic dermatitis. ] Illvest Del'lllOtol 107:603- 609, 
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from activated T cell s and monocytes/macrophages (Herman ('I ai, 
1991). 
For a lo ng time, staph ylococcal cytolytic toxins were considered 
on ly as hemolysins because hum an or anim al erythrocytes were 
used predominantly as target ce lls in the functiona l study of these 
molec ules (Freer and Arbuthnott. 1983; Bhakdi and T ran um-
J ensen, 1991). Kecently it h as bee n shown that staph ylo coccal 
a-toxin, well known as a hig hly active cytolys in. ca n damage not 
on ly erythrocytes and human p latelets (Bhakdi c( ai, 1989), but also 
endothc lial ce ll s (Suttorp cl ai, 1988), monocytcs, and keratinocytes 
(B hakdi c( ai, 1989; Walev 1'1 ai, 1993) . Studies of the efFects of 
staphylococcal cytotoxins on keratinocytes arc of considerable 
in terest beca use these cells arc important components of the skin 
immune systcm, and the skin is fi'equcntly colonized or infected 
with S. all/'eliS in chronic inAammatory skin diseases such as atopi c 
dermatitis and psoriasis. Keratinocytes recently have been demon-
strated to release so luble mediators, including inAammatory cyto-
kines (Kupper, 1990; M cKen z ie and Sauder, 1990). The constitu-
tive production of these factors is usually very low, but can be 
induced significantly by various injurio us agenes . Upon stimulation 
with staphylococcal superantigenic toxins, staphylococcal cntel'O-
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toxin B (SEB) and exfoliative toxin A (ExT-A), human keratino-
cytes are able to synthesize and release small amounts of tumor 
necrosis factor-a (TNF-a) (Tokura ct aI, 1994). Significant TNF-a 
re lease has also been shown in keratinocytes after stimulation with 
lipopolysaccharide (LPS) or ultraviolet light (Koeck et aI, 1990). 
Staphylococcal protein A (SpA) has many immunologic properties, 
such as B-ceU sup erantigen activiry (Silverman eI aI, 1993), indu c-
tion of interferon release, and induction of natural killer activiry 
(Kay ct aI, 1977; Catalona et aI, 1981). 
We tested the toxic effects on keratinocytes of supernatants from 
SllIph)'lococC/ls cultures isolated from patients with atopic dermatitis 
and psoriasis. In addition, we showed that all of these strains 
produced extracellular SpA, that the majoriry of the strains pro-
duced a-toxin, and that some of the strains produced superanti-
genic toxins. Each of these pathogeniciry factors is injurious to 
keratinocytes, induc ing TNF-a release, and may thereby contribute 
to chronic skin inflammation. 
MATEIUALS AND METHODS 
Reagents Staphylococcal a -toxin, LPS, ExT-A, staphylococcal entero-
toxin A (SEA), SEB, and toxic shock syndrome toxin-1 (TSST-1) as well as 
polydonal and monoclonal antibodies (MoAbs) to a-toxin were obta ined 
from Toxin Technology Co. (Sarasota, FL). Toxins were not recombinant, 
but were isolated frolll the natural S. aI/reus. The quality of these toxin 
preparations was examined by sodium dodecyl sul fate-polyacrylamide gel 
electrophoresis (SOS-PAGE) and immunoblotting experiments. The 
a-toxin preparation consisted of the m,uor component of 36 kDa and two 
minor fragments of approximately 24 kOa and 12 kDa. Staphylococcal 
superantigenic toxins showed onc protein band. SpA isolated from S. aI/reus 
Cowan 1 and phorbol-12-myristate-13 acetate were obtained from Sigma 
(St. Louis, MO). 
All staphylococcal superantigens, a-toxin, and SpA solutions were ana-
lyzed for endotoxin with a calorimetric Limulus amcbocytc Iysatc assay 
(BioWhittaker, Inc., Walkersville, MO). No detectable endotoxin was 
found (i.e., < 0.1 endotoxin units per ml) in toxins or in SpA tested at the 
concentration used in thi s study. 
Organisms We studied 19 coagulase-positi ve S. al/rel/S cultures iso lated 
from the skin les ions of patients with atopic dermatitis (ten strains) and 
psoriasis .(nine strains). T he cultures were obtained from scaling Icsions in 
psoriatic and eCZeI11ato li s skin in atopic patients. and not fr0l11 pustules o r 
infected wounds. 
Culture Supernatants T hese were prepared with dialysis membranes 
over agar, as described by Robbins ct nl (1974). Dialysis membranes 
(Spcctra/POR Membranes, MWCO 6-8000; Houston, TX) were asepti-
ca ll y transferred to pctri plates containing 15 to 20 ml of brain-heart infusion 
agar. O ne-tenth milliliter of inoculum was spread over the membrane. The 
inoculum was the appropriate Staphylococcus brain-heart infusion broth 
cu lture incubated at 37°C for 18-20 h. The plates were incubated for 24 h 
at 37°C, after which the cell s were harvested from the membrane with 2.5 
ml of 0.01 M Na 2HPO •. The cell suspension was centrifugcd (first at 2,000 
rpm for 20 min and then at 10,000 rpm for 10 min), and the supemat'lIlt 
Auid was analyzed. 
Cells and Cell Lines Long-term cultures of normal human kcratinocytes 
were obtained from normal human foreskin as described previously (Kashi-
hara-Sawami and Norris, 1992). The human epidermoid carcinoma cell line 
HaCaT (American Type C ulture Collection, Rockville, MO) was main-
tained in 1l1onolaycr c ultures at 37°C in a hUI11idiflcd atnl0sphcre containing 
5% CO2 , To investigate cytotoxic efl:ects, we plated the cells at a density of 
5 X 10s per ml in 24-well plates (Costar, Cambridge, MA) and incubated 
them for 24 h . Then, 100 ILl of the corresponding dilution of toxin-
containing sample was added to each well, and the plates were placed in an 
incubator for the necessary time period. To test TNP-a release, superna-
tants were harvested at different times depending on cXpCrilTICn t conditio ns. 
Measurements of Keratinocyte Cytotoxicity Cytotoxic effect was 
determined by MTT /EST A (3-[ 4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tet-
razolium bromide/eluted sta in assay) of Ea ley cl al (1988). This assay 
recently has been demonstrated to rcRcct changes in kerHtinocyte I1Ulllbcf, 
as described by MacNeil el al (1993). In this assay, the MTT acts as an 
artificial hydrogen-accepter substrate for dehydrogenase activity in the cell . 
The reduced MTT forms a co lored formazan product, which is then eluted 
from the ce lls using acidified isopropanol. Tllis cytobiochemical assay can 
providc an indirect reAection of ce ll number, in that dehydrogenasc activity 
usua lly relates to cell number. It also reAects relative changes in cel l 
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metabolism induced by cellular toxins or stimulants. Briefly, MTT, 0.5 mg 
in 1 ml phosphate-bufl:ered saline (PBS), was added to each 24-well plate. 
After 2-3 h incubation at 37°C, the formazan product was released with 400 
ILl acid ified isopropanol, and 100 ILl was transferred to a 96-well plate and 
read on a microplate reader at 490 nm (Dio-kinetics reader; Bio-Tek 
Instruments, Burlingame, CAl. 
Silnultaneous Measurement ofKcratinocyte Apoptosis and Necro-
sis Dctcnnination of the indu ction of apoptosis and necrosis in kerarino-
cyte cell cu ltures was performed as described in detail elsewhere (Duke el ai, 
1994). In brief, cell s werc incubated in the presence of a-toxin at 37°C. The 
cell s were pelleted by centrifugatio n (200 X g; 10 min) , and 80 ILl of 
cell-free supernatant was removed. One microliter of a mixture of 100 J.Lg 
acridine orange per ml and 100 ILl ethidium bromide per ml was added to 
the cell pellet, the cell s were resuspended, and 10 ILl of the cell suspension 
was placed on a clean, o rdinary microscope slide and covered with a 22-mm 
square coverslip . The numbers of live and dead ce ll s were determined by 
ul tra vio let microscopy using a 40 X dry objectivc and a filter combination 
su itable for observ ing Auorescein. This technique allows identification of 
apoptotic ce lls with morpho logically fragmented nuclei and cytop lasmic 
blebs and necrotic cells that are swollen and cannot exclude the etllidiul11 
bromide dye from the nudeus. 
Quantitation of SpA An cnzyme-linked immunosorbent assay (ELISA) 
technique was used to detect quantities of SpA in staphylococcal culmre 
supernawnts. A standard cu rve was prepared using standard concentrations 
of a commercial preparation of SpA (Sigma) in cu lture media. For the 
ELISA, 50 ILl of MoAb anti-SpA (Sigma) in 0.1 M ca rbonate buffcr, pH 8.2, 
was added to wells in a 96-well Corning nlicrop late and incubated 
overnight at 4°C. After incubation, all wells were washed twice with 10 
mM PBS solu tion , pH 7.0-7.2, containing 0.05'Vo Twcen-20 (PBS/T). After 
washing, 200 ILl ofl% bovine serum albumin (BSA) in PBS/T was added to 
each well and incubated at room temperature for 2 h. T he microplate was 
subsequently washed twice with PBS/To Standard concentrations of SpA in 
culwre media and supernatan t samples were diluted 1:10 in PBS/T con-
taining 1 % BSA. Then 100 ILl of each sample was added to wells and 
incubated ovenlight at 4°C. After incubation, the microplate was washed 
four times with PBS/To Then 100 ILl of biotinylated MoAb anti-SpA 
(Sigma) in PBS/T was added to each well and incubated at room temper-
ature for 45 min. All wells were then washed six times with PBS/To Next, 
100 ILl of avidin-peroxidase (Sigma) in PBS/T/BSA was added to each well 
and incubated at room temperatllre for 30 min. The microplate was then 
washed eight times with PBS/To After the wash, 100 ILl/well of ABTS 
peroxidase subs trate (Kirkesaard & Perry Laboratories, Gaithersburg, MO) 
was added, and the plate was placed in the dark wllile developing for 9 min. 
To quench the enzyme reaction, 100 ILl of stop solution was added to the 
entire plate. Optical density readings at 405 nm were determined in an 
ELISA reade r. 
Immunodiffusion Test Double agar-gel immunodiffusion according to 
Ouchterlony (1950) was used to determine the presence of the a-toxin and 
the tite r value. 
A .. ay for TNF-O' The T NF-O' content of keratinocyte supernatants was 
assayed by a commercia lly available ELISA (Innogenctics, Brussels, Bel-
gium) . This kit is based on the use ofa mouse anti-TNF-a MoAb and rabbit 
polyvalent anti-TNF-a antibody and is sensitive to 4 pg TNF- a per m\. 
In addition , the TNF-a content of ce ll cu lture supernatants was assayed 
by determining the cytotoxicity of TNF-a against sensitive WeHi cells 
(Kramer and Carver, 1986). BrieAy, WeHi cell s were seeded at a COllcen-
tration of 4 X 10" cells/well in 100 ILl cul ture medium and incubated for 
22-24 h at 37°C in a 5% CO 2 atmosphere to establish a dense monolayer. 
One-tcnth milliliter of cell culture supernatants was tested in the presence 
of actinomycin D (2 ILg per ml) for 20-24 h. The viability of cclls was 
measured by MTT/ESTA. Absorbance was determined at 490 11m using a 
microplate reader. 
Western Blot Analysis Staphylococcal culture supernatan ts to be tested 
were concentrated ten times by using Amicon ultrafiltration (PM-I0) 
(Amicon, Beverly, MA) and were subjected to SOS-PAGE (12% total 
acrylamide concentration) under reducing conditions (Laemmli, 1970). 
After SOS-PAGE, proteins were electro transferred to nitrocellulose mcm-
brane and stained with a mouse MoAb directed against a - toxin (Toxin 
Technology). Biotinylated molecular-weight markers were obtained from 
Sigma C hcmica l Co. Protein content was determined by the method of 
Bradford (1976). BSA was used as a standard . 
RESULTS 
Cytotoxic Effect Induced by Culture Supernatants It is 
known that S. ai/fellS can produce various rypes of cytotoxic 
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Figure 1. Keratinocytc cytotoxicity of staphylococcal culture su-
pernatants. Staphylococcal cultures wcre grown for . 24 h at 37°C using 
dialysis membranes ovcr aga r (Robbins, 1974) . Aftcr IIl cubatlon, the ccUs 
and extracellular products were harvested fi'om mcmbranes wIth 0.001 M 
Na., HPO", the sli spension was centrifuged. and supe rnatant fluid was 
analyzed. Supernatants werc se rially diluted in Pl3S and added in 0.1 ml to 
the HaCaT celilinc ill 24-well plates, and incubated for 20 - 22 h at 37°C. 
The cytotoxic effect was characterized by MTT/ESTA. and the ED 5 " of 
bacterial supernatants was determined. Control supernatants were not toXIC 
for kenltiJlocytes. 
proteins, including th ermolab il e a - tox in , thermostable cytotoxins, 
and diverse cytotox ic e nzymes . 
In the initial series of experiments, we studied the tota l cytotoxic 
effects of bactel"ial c u lture supernatants on the kera tinocyte HaCaT 
cell line of S. al/rel/s isolated fi'om patients with atopic dermatitis 
and psoriasis. Cytotoxic e ffec ts o n ke ratinocytes were measured by 
MTT/ESTA. It was sh own that all of the culture supernatants from 
19 clinical staphylococcal strains possessed cytotoxic activ ity on the 
HaCaT cell line (Fig 1). T he level of the tota l keratinocyte 
cytotoxicity in supernatants was variable, rangin g from 5 to 10 
ED (50% effective dose) per mg of protein (minimal ac tivity) to 120~1 50 EDsu per m g of protein (maximal level) . Four high l.y 
cytotoxic staphylococcal strain s with specific activ ity of a~pro~l­
mately 100 EDso per mg were found in the group often nllcroblal 
cultures isolated fro m the atopic derm atitis patients , whereas U1 the 
group of S, allrellS £i'om the pso riasis patients, o nly on e possessed 
high cytotoxicity . 
In h eat sensitivi ty experiments, it was shown that the total 
keratinocyte cytotoxic e ffect of culture supernatants was caused by 
bot.h thermolabil e and thermostable staphylococca l cyto toxin s , but 
the majority of th e cytotoxic activity was heat labile. 
To identify thermolabile cytotoxins, we used th e O uchte rlon.y 
(1950) gel-diffusio n test with anti-a -toxin serum to analyze for thls 
major staphylococcal cytolys in in the bacterial culture supernatan~s 
(Table I) . Five of the ten culture supernatan~s fi'o l?' th~ atopic 
dermatitis S, allrells group reacted with a - toxlll anobodles. The 
anti-a- toxin titer in these culture supernatants corre lated with the 
high level of thermolabile cytotoxicity o n the keratinoc~te H aCaT 
cell line. In the gro up of psoriatic patients whose skin cultures 
con tained S. al l rellS, eight of the nine isolates pro duced a -toxin, and 
their culture supe rn atants induced a cytotoxic effect that was 
diminished by heating at 100°C. 
In Western blot experiments with M oAbs to a-toxin , we 
confirm ed the data obtained in the gel-diffusion test (Fig 2a). T he 
a - toxin and its fi'agments were discovered in the sam e culture 
supernatan ts. Watanabe and Kato (1978) earlier del~,onstrated that 
under the limited proteolysis, staphylococca l a -toxlll can pro~uce 
two functionally active fragments , A and B. At the same time, 
peptide B is ve ry sensitive to the e nzym e degradation and aggregate 
forma tion. 
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Table I. Detection of a-Toxin, SpA, and Superantigenic 
Toxins in Supernatants Fron~ Isolates of S. alll'ellS 
a -Toxin 
Titer by Amount of SpA Superantigenic 
Stnlins Ouchterlon)," (p.g/ ml) I' Toxins, ELISA' 
Atopic dermatitis 
1 1 :4 0.056 :': 0.024 Negative 
2 0 1.163 :': 0.166 Positive fo r TSST 
3 0 0.373 :': 0.296 N egative 
4 1 :4 0.037 :': 0.033 Negative 
5 1 :4 0.047 :': 0.026 Negative 
6 0 0.749 :': 0.201 Positive for TSST 
7 nl d 0.57 :': 0.104 Positive for ExT-A 
8 1 :2 0.06 :': 0.03 Negative 
9 0 1.552 :': 0.158 Positive for TSST 
10 0 1.096 :': 0.147 Positive for TSST, 
SEC 
Psoriasis 
1 1:4 0.029 :': 0.028 Negative 
2 nl d 0.402 :': 0.113 Positive for ExT-A 
3 1:2 0.076 :': 0.011 Negative 
4 1 :2 0.045 :': 0.016 Negative 
5 0 1.31 :': 0.23 Positive for TSST 
6 nld 0.087 :': 0.034 Negative 
7 nl d 0.084 :': 0.012 Negative 
8 1 :2 0.043 :': 0.021 Negative 
9 1 :2 0.008 :': 0.006 Positive for ExT-A 
Culture media 0 0.0006 :': 0.0002 Negative 
, I Douhle ngar-gcl immunodiffu sion according to Ouchrcrlony (1950) was lIsed to 
dete rmine the presence of a -toxin and the titer va lue in the staphylococcal cu lture 
supcrn:1tnnrs. ltnbbir polyclonal antiserum to purified a - toxin was used . n/ d , nor 
d iluted. 
/, ELISA with MoA b SpA (Sigma) \\Ins lIsed (sec JHfl1t~,.;als n"d J\1ctllOds). The values 
r cprcsclH I1lCi1 11 :t SD of trip licate determinations. 
( MaAhs to slIpcr:m tigcllic toxins w ere used. 
In addition to the bands corresponding to a -tm .. ;n and its 
fragm ents, immunoblotting ana lysis disclosed other bands, which 
m ay represen t SpA. It is known that SpA (cell wall bound as well 
as extracellular) is produced by more than 95% of S. alirellS strains 
and reacts nonspecifically with the Fc region of IgG (Shuttleworth 
et ai, 1987). Recent studies have demonstrated m olecular and 
genetic heterogeneity of SpA that de pends o n the bacterial strain 
and the culture conditio n s (Cheung et ai, 1987; Sakurada et ai, 
1994). In quantitative ELISA experiments, we showed that all of 
the S. allrells crude supe rnatants con ta ined extracellular SpA (Table 
I), It was interestin g to note that the lowest level of SpA was 
detec ted in the a -toxin-produ cing S. allreliS strains. 
Us ing two of the supernatants w ith the most thermolabile 
activ ity (no . 5, atopic dermatitis; no . 1, psoriasis), we showed in 
ne utra lization experiments that the ini tia l keratinocyte cytotoxicity 
can be reduced ab out two thirds by anti- a - toxin MoAb. The 
mixture of undiluted culture supernatants and antibody (ratio 1: 1) 
was left at room temperature for 1 h and then examined in the 
HaCaT cell line. 
Using immunoenzym e analysis with specific antise rum, we dem-
onstrated (Table I) that more than one third of the studied 
staphylococcal strains can produce therm ostable toxins with super-
antigeni c activity. It was inte resting that, for the most part, 
supernatan ts containing superantigenic toxins (TSST-l) show~d 
low levels of keratinocyte cytotoxicity and did not possess a-toxll1 
activity, 
T hus, o ur data suggested that the direct cytotoxicity by thermo-
labile toxins of staphylococcal cul tu re supernatants on the ke rati-
nocyte HaCaT cell line was most probab ly caused by the a - toxin 
cytolytic activity. 
C ytotoxic Effects Induced b y Purified Sta phylococcal Tox-
ins N ext we measured the cytotoxic effects on keratinocytes of 
purified staphylococcal a - to>..;n as well as of toxins known to bav.e 
superantigenic activ ity, i.e., ExT-A, SEA, SEB, and TSST-l. In tim 
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Figure 2_ Western blot analysis of a-toxin in staphylococcal culture supernatants. Supernatants to be tested were concentrated ten times with an 
Amicon ultrafi ltration mcmbrane (PM-l0) and werc subjected to SOS-PAGE (12'X, total acrylamide conccntration) under reducing conditions (Laenunli, 
1970). After SOS-PAGE, proteins wcre clcctrotransferred to nitrocellulose and sta ined with a mousc MoAb directed against a-toxin. Each lane was loaded 
with 0.5 JLg of protein. Control uninoculated supernatant (CM.) did not show protein bands in SOS-PAGE. 
expcriment, epidermoid carcinoma cell line HaCaT or normal 
human keratinocytes were used. Keratinocytes were seeded at 2 to 
4 X 105 cells in a 24-well plate in four different experiments and 
were incubated with increasing concentrations of purified toxins. 
Cytotoxic effects on keratinocytes were ll1easured by MTT /EST 
assay a·nd were ve rified by the ethidium bromide/acridine orange 
assay. 
When normal human and epidermoid ca rcinoma keratinocytes 
were treated w ith 50 to 100 ng of superantigen ic toxins (ExT-A , 
SEA, SEB, and TSST-l) per m l and with 0.1 to 10 fLg of SpA per 
ml , no cytotoxic efFect in these cells was detected by MTT assay 
compared with the level in untreated controls (Table II). By light 
microscopy, toxin- and SpA- treated keratinocytes also appeared 
unaltered. 
In marked contrast to these results, relatively low doses of 
a- toxin led to the developm ent of cytotoxic effects on ke ratino-
cytes. Figure 3a depicts dose-response experiments conducted on 
th e two keratinocyte ce ll types. Toxin applied at a concentration of 
10 ng per ml evoked approximately 30% cytotoxicity on the 
keratinocyte HaCaT cell lin e, and a greater than 70%) cytotoxic 
effect was noted when the toxin was present at 100 ng per m \. 
Dose- response experiments demonstrated that the human epider-
moid carcinoma cell line H aCaT was more sensitive to the cyto-
toxic action of a-toxin than were normal human keratinocytes. 
It was found th at a -toxin caused a cytotox ic effect on kera tino-
cytes in a time-dependent manner (Fig 3/1). A concentration of 1 
/.Lg per ml evoked approximately 40'X, cytotoxicity in the keratiJl0-
cyte HaCaT cell line after 1 h of contact with these cell s, and more 
th an 60'!lo after 10-12 h. As for normal human keratinocytes, the 
cytotoxic action induced by a-toxin was minimal (10-15%) after 
2 h of incubation and peaked (maximum 50%) at 22-24 h . 
T he accuracy of the MTT assay in measuring ce ll damage was 
compared with that of the ethidium bromide/acridine orange assay, 
a visua l assay ana lyzing the induction of morphologic changes of 
apoptos is or necrosis. Figure 4 shows a good correlation between 
dose- response curves reflecting the keratinocyte cytotoxicity mea-
su red by the two methods (MTT/ESTA and acrid ine orange/ 
ethidium bromide uptake). The higher leve ls of cytotoxicity ob-
tained by MTT /EST A indicate that the latter measures not onJy the 
dead cells, but also those with inhibited hydrogenase activity. The 
dead cells observed by ethidium bromide/acridine orange showed 
evidence of necrosis and not apoptosis . 
SpA, 0'- Toxin, and Superantigcnic Toxins Provoke the 
Release of TNF-O' From Keratinocytes To study whether 
a-toxin provokes th e release ofTNF-a from the BaCaT cetl line , 
we compared a-toxin with phorbol myristate acetate and LPS as 
Table II. 0'-Toxin Induces Cytotoxicity in the HaCaT 
Cell Line, in Contrast to Superantigenic Toxins and SpA· 
MTT/ESTA (,Yo viability) 
Toxin 
(ng/m l) 1 h 6 h 22 h 
a-Toxin 
1,000 66.3 ::': 4.7 47.8 ::': 4.7 32.6 ::': 4.5 
100 82.2 ::': 1.7 69.7::': 4.1 63.4 ::': 3.6 
TSST-l 
100 101.3 ::': 0.5 106 ::': 3.6 121 ::': 12.5 
50 98.3 ::': 2.8 102 ::': 2.3 115 ::': 1.5 
SEA 
100 101 ::': ·1.0 ·103 ::': 3.6 99.9 ::': 1.15 
50 101 ::': 1.0 101 ::': 1.0 100 ::': 9.9 
SED 
100 100 ::': 0.5 112 ::': 2.6 113 ::': 3.6 
50 100.6 ::': 0.5 110.3::': 1.5 113 ::': 5.3 
ExT-A 
100 101 ::': 1.0 11 2.3::': 2.5 116.3 ::': 3.2 
50 101 ::': 1.0 106 ::': 4.58 113.6 ::': 4.1 6 
SpA 
10.000 103 ::': 3.6 115 ::': 4.5 125 ::': 2.9 
100 99.1 ::': 2.8 111 ::': 5.1 116.2::': 3.1 
.. The studied components (a -toxin, TSST- I. SEA. SE13 . ExT-A. and SpA) were 
added in O. 'I ml to rhe kcratinocytc l-la C aT cell line ill 24-wcll plates. Arter cu.ltivating 
for the indicated time. cytotoxk effects were determin ed by MIT / ESTA. Control cells 
were trc:l£cd with PBS "lone ,md represented the 100% values in each experiment. The 
values represen t IllCiln :t SI) o f tripl.icatc dctcnninations. 
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Figure 3. Cytotoxic effects of a -toxin in keratinocytes. (n) Dose 
response of a -tox in-induced C),totox icity. Cells were grown in monolayers 
in 24-well cultu re plates and incubated with 0. 1 ml of a-toxin in PBS for 
22 h at 37°C. T hereafter, cytotoxic effects were assessed by MTT / ESTA. 
Control ce lls were treated with PI3S alone and represented the ( 00% values 
in each experiment. (b) Kinetics of cytotoxic effects i" a -toxin-treated 
keratinocytes. Ker"tinocytes were trea ted with 1 ILg of a-toxin per ml , and 
cytotoxic effects were determined by MTT / ESTA. Control cell s were 
treated with PI3S alone and represented the 100u;., values in each experi-
ment. 
known stimul ators of keratinocytes . Both ex-toxin concentra tions 
(100 and 1000 ng per ml) induced th e appearance of significant 
amo unts of this cytokin e, up to 15 pg pe r ml (Fig 5), at 30 min after 
the additi on of toxin. T his was inte rmediate between the amounts 
obtain ed with phorbol m yristate acetate and LPS, but these en-
hanced levels o f T NF-ex were not detected in cell supernatants 
obtain ed from 4 to 24 h after app lication of tox ic concen trations of 
ex-toXUl . 
Next w e studied whether superantigenic toxins (TSST -1 , SEA, 
SEB, and ExT- A) can stimul ate TNF-a pro du ctio n by the HaCaT 
cell line . HaCaT ce lJs treated with TSST-l, SEB, o r ExT-A 
100 ,,---------------, 
0 ." 
75 
50 
25 
" .... 0 -_. ___ .. ____ _ 
- ---..., 
..... . .. . ........ ...... 0 
2.5 
alpha-Toxin. uglml 
--0-- % cytotoxicity . MIT 
········0 ···· % li ve. EB/AO* 
.... 0.. .. % necrotic. EB/AO 
.... /1 .. -- % apoptotic. EB/AO 
Figure 4. MTT/ESTA and ethidium bromide/acridine orange as~ay 
detect similar degrees of a -toxin-induced cytotoxici ty in kerati-
nocytes. T he percentage of cells tha t were j udged to be living, apoptotic, 
or necrotic h>' the cthid iUlTI bralTlide/ ac ridin e orange assay and the percen t-
age cytotoxicity measured by MTT/ESTA arc shown after incubation with 
increasing doses of a-toxin fo r 24 h. ' Determination of killing effect on 
keratinocyte cell culture performed according to Duke ct nt (1994). 
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Figure 5. HaCaT cells release TNF- a after addition of ex-toxin. The 
a-tox in samples were added to the HaCaT ce ll line in 24-well plates. After 
cultivation for the indicated time. the superna tants were collected and 
stored at - 20°C. TNF-a concentrations were assayed by ELISA. 
re leased signifi cant am o unts of TN F- ex, as detected in cell super-
natan ts (Table III) , whereas SEA did no t produce T N F- ex release. 
T he highest level of TNF-ex re lease by epidermal cells was 
dem on strated in experimcnts with SpA. Figure 6a shows that 
w hen normal human keratinocytes were treated with SpA (10 J.Lg 
per ml) , signi fi cant am o unts of T NF-ex activity were detected by 
the W eHi-164 T NF-specific bioassay. T N F- a re lease by n ormal 
human keratinocytes started 3- 4 h afte r stim ulati on and peaked at 
10 - 12 h , re turning to baselin e afte r 24 - 30 h . W hen unstimulated 
ke ratinocyte supe rnatants were evalu ated for TNF- ex activity, min-
imum or no activ ity was found. [n dose-response experim ents, we 
observed that SpA induced the re lease of TNF-like activ ity at all 
test concen tration s in a concen tration-dependent manner (Fig 6b). 
It was shown that maximal releasc of TNF-like activ ity (75-90 pg 
per m l) was registered in human kcratinocytes afte r incubation of 
these ccll s w ith 20-25 J.Lg SpA per ml. SpA at 50 J.LI per ml 
increased the level of T NF-ex activity slightly. T he TNF-like 
activi ty measured by the WeHi assay was blocked by anti-TNF-ex 
specific antibody (Table IV), ve ri fy ing that the activity re leased by 
SpA was indeed authentic TNF- ex. 
DISCUSSI O N 
[n this study, we examined two important charactel; stics of the 
in teraction between staphylococcal proteins and human keratino-
cytcs. T he first of these is th e restric ted cytotoxic actio n of a - toxin , 
but n ot superan tigenic toxins and SpA, on ke ratiJlocytes. T he 
sccond is the TNF- ex release responsc by ke ratinocytes exposed to 
these proteins. Staphylococcal ex-toxin and superantigenic tox ins 
Table III. Superantigenic Toxins Stimulate TNF-a 
Release in the HaCaT Cell Line" 
TNF-a (pg/ ml) 
Toxin (ng/ml) 3 h 6 h 12 h 22 h 
TS T-l (50) 1.0 :t 0.5 12.9 :t 2.4 7. 1 :t 0.98 0.56 :t 0. 1 
SEA (50) 0.56 :t 0. 1 0.56 :t 0. 1 0.53 :t 0.15 0.9 :t 0.17 
SEB (50) 0.53 :t 0.15 6.36 :t 0.66 14.3 :t 1.15 S.16 :t 0.7 
ExT-A (125) 1.3 :t 0.79 4.8 :t 0.7 5.0 :t 0.65 1.0 :t 0.5 
PBS - 0.56 :t 0.1 0.53 :t 0. 15 0.75 :t 0.17 0.5 :t 0.1 
" T he stu died tox ins were added 1"0 the kcratinoc),rc HaCaT cell line in 2-1-wcll 
phu'cs. After cultivating far the indic;ited time. the supernatants were collected and 
stored al" - 20°C. and the n TNF- a co ncentratio lls were ass:1yed by ELI SA. The va lues 
represcnt I11C:11l ::t: SO of trip lic:ltc determ inatio ns. 
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Figure 6. Keratinocytes release TNF-a activity after incubation 
with SpA. (n) Kinetics of TNF-a release in SpA-treated keratinocytes . 
Supernatants of keratinocytes either untreated or incubated with SpA (10 
ILg per ml) were harvested at different times and tested in the TNF-a-
specific W eJ-li bioassay. WeHi-164 ce lls were seeded in 100 ILl cul ture 
medium alld incubated for 22-24 h at 37°C in a 5'X, CO2 atmosphere. 
One-tenth milliliter of ce ll culture supernatants was tested. The viabi li ty of 
ce lls was measured by MTT/ESTA. (b) TNF-a release activity depends on 
SpA concentratiolls. Keratinocytes were grown in monolayers in 24 -well 
culture plates. They were incubated with 0.1 ml of SpA in PBS at 37°C. 
ontrol cells were treated with PBS alone. After cultivating for 10 h. 
supernatants were collected and stored at -20°C. TNF-a activ ity was then 
tested in the W eJ-li bioassay. 
were chosen for tlus study beca use the majority of S. allrells stra ins 
isolated from patients with atopic dermatitis and psoriasis produce 
these toxins. All of the staphylococcal strain s studied secreted 
extracellular SpA by ELISA. It is noteworthy that the TSST-
producing strains did not show a -toxin secretion, w hereas the 
a- toxin-producing strains elaborated only small amounts of SpA. 
In model experiments with purified a-toxin preparations, it was 
found ' that tlus highly ac tive cytolysin of S. allrells damaged 
keratinocytes as fast as it damaged other target cells, such as 
epithelial cells (Suttorp ef aI, 1988) and human monocytes (Bhakdi 
et aI, 1989). According to the MTT -EST A, wluch registers the level 
of cellular dehydrogenase activity, a pronounced toxic effect on 
keratinocytes of the HaCaT cell line was observed within the first 
ho ur after addition of the toxin. Similar data were obtained by 
Walev ef al (1993) while m easuring the depletion of cellular 
adenosine triphosphate in hum an keratinocytes . The rapidly devel-
o ping cytotoxic effect caused by a-toxin is consistent with the 
described mechanism of action of this toxin as a chann el-forming 
protein (Krasilnicov and Sabirov, 1989; Ezepchuk ef aI, 1990) , 
which damages a target cell from the outside rather than fi'om 
inside. To destroy a target cell , a-toxin does not need to be 
trans located into the cell, as do other toxins that attack the cell after 
reaching an intracellular target molecule. This is also consistent 
with the observed keratinocyte necrosis, but not apoptosis, indu ced 
by a -toxin in these experiments (Fig 4). 
According to our data , a re latively high level of cytotoxic effect 
on the HaCaT keratinocyte cell line was induced by a-toxin after 
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a short incubation time and w as associated with TNF-a release . 
The level of TNF-a in supe rnatants subseq ue ntly decreased, and 
attempts to detect this cytokine after 2 h of incubation were 
unsuccessful. The kin etics ofTNF release are similar to those of the 
response of human monocytes treated with staphylococca l a -toxin ; 
the level of interleukin-1J3 release by monocytes reached a maxi-
mum after 1 h of incubation with a -toxin (Bhakdi ef aI, 1989) . 
It is known that staphylococca l superantigenic toxins and SpA are 
not cytotoxic. Altho ugh TSST-1 cytotoxicity in endothelial cells 
has been re ported (Lee ef aI, 1991) , the cytopathogenic action of 
superantigenic tox ins for keratinocytes has not been studied . Using 
the MTT/ESTA, we were unabl e to m easure inhibition of the 
keratinocyte de hydrogenase activity after these cells were incu-
bated for 24-48 h with the superantigenic toxins SEA, SEE, 
TSST-1, ExT-A, or SpA; moreover, an increase in dehydrogenase 
activity in th e HaCaT cell line was som etimes registered after 
20-24 h of contact with these superantigens. We conclude that 
SpA and the superantigenic to)';ns of S. al/rel/s that w e have studied 
do not possess direct cytotoxicity for skin keratinocytes. On the 
contrary, they exhibited a tendency to stimu late low-level prolif-
erative e ffects in the keratinocyte HaCaT cell lin e (data not shown). 
Our investigation demonstrates that the supera n tigen ic toxins 
(SEB, TSST-l, and ExT-A) can stimulate TNF-a release by the 
HaCaT cell line keratinocytes. These data confirm the results of 
Tokura ef al (1994), who showed that SEB (200 ng per ml) induces 
TNF-a release of 8 pg per ml by normal human keratinocytes upon 
stimulation with tlus superantigen, although the level of TNF- a 
re lease in our experiments was slightly higher. It shou ld be noted 
that accord in g to Koeck ef al (1990), levels of TNF- a released by 
the keratinocyte KB cell tine induced by ultraviolet li ght and LPS 
were 40 - 50 pg per ml and 100 pg per ml , respectively. 
A remarkable TNF-a inducing activity in keratinocytes was 
discovered during o ur experiments with SpA . SpA is known to 
augment both natural killing and anti-tumor activity (Catalona ef aI, 
1981 ; Patel ef aI, 1981) . It also h as been shown recently that SpA 
can induce TNF-a release by human monoc)'tes (Lopez-Moratalia 
ef aI, 1994). In our experiments, we demonstrated a relatively high 
leve l of TNF-a release by keratinocytes in the presence of SpA. 
Under similar conditions, the expression of TNF- a was much 
lower in the HaCaT cell line (data not shown). 
W e conclude that although there has been much emphasis on the 
role of superantigenic toxins in the modulation of skin inflamma-
tion, other staphylococcal proteins, such as a -toxin and particularly 
SpA, may also play an important role in the pathogenesis of skin 
diseases by direct effects on keratinocytes . T here is considerable 
interes t in the role of bacterial toxins in the induction of or 
persistence of skin diseases (Leung ef aI, 1993b) . In atopic derma-
titis, toxin-pl'Oducing staphylococci can be isolated fiOln patients, 
and 19E antibodies specific for the toxins produced by these 
bacterial isolates also can be identified (Leung el aI, 1993a). W e 
have shown that staphylococcal cultures from psoriatic patients also 
produced supe rantigenic toxins, but IgE antibody responses to tllese 
toxins were not found. 
In psoriasis, bacterial superantigens have been proposed as all 
important trigger for disease induction and pe rsistence through 
lymphocyte activation (Leung ef aI , 1993b, 1995a). In acute guttate 
psoriasis, it had been shown previollsly that T lymphocytes in the 
Table IV. Anti-TNF-a Blocks TNF-Like Activity Released From Normal Human Keratinocytes by SpA 
MoAb" 
(lLg/ ml) 
o 
10 
5000 
5200 
3.9 
TNF-a (pg/ml)" 
500 50 
479.2 43 .1 
4.9 4.9 
,I Monoclonal anti- human TNF-a . clone TA-3 1 (Sigm:\) was used . 
2 
48.1 53 .2 
2.37 1.9 
/! HUIl1 ::1I1 TNF-a. recombinant (Upstate Biotechnology Inc. ! Lake Placid . NY) was lIsed . 
Samples,' TNF-a (pg/ l11l) 
Culture 
3 4 5 6 Media 
30 .6 97.2 65.0 68.4 0.1 
1.36 2.7 0.6 1.2 1.01 
~ Cell culture supcrn<lWnts obtained nfter incubati on of SpA (10-20 /-Lg/ ml) with normal human kcra till ocytcs for 6-12 h we re lI sed . The lnix tufc of samples and MoAb 
anti-TNF-O', dilutc..,d in 10 111M PBS. pH 7.2. cOll taining: 0.5% GSA (ratio 1:1) , WaS left at rOO I11 tcmpcr~lturc for 1 h and then exam in ed in the WcHi-164 bioassay. 
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skin lesions show V /32 skewi.ng, consistcnt with activation by the 
superantigen streptococcal pyrogenic exotoxin C, secreted during 
strep tococcal pharyngitis (Baker e/ ai, 1993). In addition, cloned 
lymphocytes isolated fi-ol11 such psoriatic lesions responded to 
stUnulation iI/ vilro by streptococcal proteins (Lewis el ai, 1993). We 
have directly linked phal)'ngeal streptococca l toxins with the 
lymphocyte activation in guttate psoriasis lesions by demonstrating 
that streptococci isolated fi'ol11 the pharynx of patients with guttate 
psoriasis produced the superantigenic toxin strcptococcal pyrogenic 
exo toxin C, and that all patients studied had loca l expansion of 
V /32-positive CD4 and CDS lymphocytes in skin lesions, consistent 
with activation of streptococcal pyrogenic cxotox in C (Leung el ai, 
1995b). Furthermore, superantigens appear to activatc lymphocytes 
to express thc homing receptor for thc skin cutaneous leukocyte 
antigen, providing another mechanism by which supera ntigens 
might activate psoriasis (Leung e/ ai, 1995c). 
Here, we present additional evidencc that staphy lococcal pro-
teins prod uced in the skin of paticnts with psori as is o r atopic 
dennatitis might induce local i.nflammation through the release of 
primary cytokincs fi'om the epiderma l keratinocyte . Our results 
indicate that staphylococca l proteins can induce direct effects on 
keratinocytes : c~-toxin , SpA, and staphylococcal superantigens can 
all induce TNF re lease. It is believed that TNF release is a principal 
trigger in the indu ction of psoriasis (Nikoloff el ai, 1991). We have 
shown that the staphylococca l strains cultured 6:om the skin of 
patients with atopic dermatitis and psoriasis produce proteins that 
can directly induce keratinocyte release of TNF-a. Our findings 
raise the interesting possibility that multiple staphylococcal toxins, 
such as a -toxin and superantigen toxins , might act as triggers in 
acute p soriasis or as persistence factors in chron ic psoriasis through 
their direct cfl:ccts on kcratinocyte release of TNF. 
This work /lias slIJlJlortcd bysrnll(sjimll (h e Na(;(lJwIIIlS(;(II( CS a/Hcalth : A R 24627 
(D.A.N.) alld A R41 256 (D. Y. M.L.) . HL36577 (D. Y.M.L.), H L37260 
(D.Y.M. L.). allfl RR0005 1 (D. Y.M.L.). 
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